Cholera is a severe diarrheal disease caused by the motile Gramnegative rod Vibrio cholerae. Live-attenuated V. cholerae vaccines harboring deletions of the genes encoding cholera toxin have great promise for reducing the global burden of cholera. However, development of live vaccines has been hampered by the tendency of such strains to induce noncholeric reactogenic diarrhea in human subjects. The molecular bases of reactogenicity are unknown, but it has been speculated that reactogenic diarrhea is a response to V. cholerae's flagellum and/or the motility that it enables. Here, we used an infant rabbit model of reactogenicity to determine what V. cholerae factors trigger this response. We found that V. cholerae ctx mutants that produced flagellins induced diarrhea, regardless of whether the proteins were assembled into a flagellum or whether the flagellum was functional. In contrast, ∼90% of rabbits infected with V. cholerae lacking all five flagellin-encoding genes did not develop diarrhea. Thus, flagellin production, independent of flagellum assembly or motility, is sufficient for reactogenicity. The intestinal colonization and intraintestinal localization of the nonreactogenic flagellin-deficient strain were indistinguishable from those of a flagellated motile strain; however, the flagellin-deficient strain stimulated fewer mRNA transcripts coding for proinflammatory cytokines in the intestine. Thus, reactogenic diarrhea may be a consequence of an innate host inflammatory response to V. cholerae flagellins. Our results suggest a simple genetic blueprint for engineering defined nonreactogenic live-attenuated V. cholerae vaccine strains.
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animal model | cholera | innate immunity | diarrhea C holera is a severe diarrheal disease that is caused by Vibrio cholerae, a motile curved Gram-negative rod. This disease remains a significant threat to health in many parts of the developing world, especially in Africa and Asia. It is estimated that there are several million cases of cholera in the world annually (1) and that more than 100,000 people die from this infection each year. Although rehydration therapy is effective and greatly reduces mortality when available, the continued burden of cholera, particularly in regions with socio-economic disruptions, has prompted the recommendation that vaccines to protect against infection with El Tor biotype Vibrio cholerae, the cause of the ongoing seventh pandemic, be developed (2) .
V. cholerae is a noninvasive enteric pathogen. Humans contract cholera following ingestion of water or food that is contaminated with this organism. Bacteria that survive passage through the acidic gastric barrier colonize the small bowel, where they produce cholera toxin (CT), an A-B 5 -subunit type exotoxin. CT is thought to be the principal factor underlying the severe secretory diarrhea that is characteristic of cholera (3) .
Since the initial cloning of ctxAB, the genes encoding the A and B subunits of CT (4), there have been several attempts to engineer live-attenuated V. cholerae vaccine strains via deletion of ctxA, which encodes the toxic moiety of CT (5) . To date, ctxA liveattenuated oral V. cholerae vaccine strains have shown promise, but many of the candidate vaccine strains have led to side effects in volunteers. Such side effects, often referred to as vaccine "reactogenicity," include noncholeric diarrhea and abdominal cramps (5) . Comparative analyses of vaccine candidates suggests that reactogenicity may be linked to V. cholerae's single polar flagellum and/or to bacterial motility. The vaccine strain Peru-3, a ctxA derivative of a Peruvian El Tor clinical isolate, caused diarrhea, whereas Peru-15, a spontaneously derived nonflagellated (nonmotile) derivative of Peru-3, did not (6, 7) . Both strains engendered protection against challenge with wild-type V. cholerae in human trials, suggesting that the lack of reactogenicity does not simply result from a failure of Peru-15 to colonize. However, despite these findings, the precise cause of reactogenic diarrhea has not been identified, and the nature of the genetic changes that distinguish Peru-15 from Peru-3 remains unknown.
Several (not necessarily exclusive) hypotheses regarding the origins of reactogenicity have been proposed. One possibility is that flagellation and motility enable V. cholerae to penetrate the mucus layer covering the intestinal epithelial surface, and that the close proximity of the organism to the apical surface of epithelial cells elicits an inflammatory response that results in diarrhea (8) . Additionally, it is possible that reactogenicity is induced by toxins still produced by the ctxA mutant, such as zonula occludens toxin, accessory cholera enterotoxin, hemolysin A, multifunctional autoprocessing repeats-in-toxin (MARTX) toxin, and/or hemagglutinin/protease, through direct enterotoxicity and/or through proinflammatory effects (9) . The effect of these factors might be potentiated by close contact between the bacteria and the epithelium. Finally, recent work using tissue-culture models has led to the hypothesis that the five V. cholerae flagellins, which have been demonstrated to activate the Toll-like receptor 5 (TLR5) signaling pathway, could lead directly to reactogenic diarrhea by stimulating production of proinflammatory cytokines in the intestine (10, 11) . Detection of lactoferrin and fecal leukocytes in the stools of volunteers with reactogenic diarrhea (12, 13) supports the idea that intestinal inflammation is associated with vaccine reactogenicity.
Investigation of the molecular basis of V. cholerae vaccine reactogenicity has been hampered by the lack of an animal model. Recently, however, we found that infant rabbits can serve as a model for severe cholera as well as for the reactogenic diarrhea caused by V. cholerae ctxA mutants. Oro-gastric inoculation of wild-type V. cholerae into infant rabbits that had been pretreated with cimetidine led to lethal, watery diarrhea in virtually all animals. Rabbits inoculated with wild-type V. cholerae usually died ∼24-30 h later; in contrast, rabbits inoculated with an isogenic V. cholerae ctxAB mutant exhibited no or minimal To whom correspondance should be addressed. E-mail: mwaldor@rics.bwh.harvard.edu.
This article contains supporting information online at www.pnas.org/cgi/content/full/ 0915164107/DCSupplemental. signs of disease during this time period. However, 36-60 h after inoculation of the ctxAB mutant, most of the animals developed noncholeric fecal diarrhea.
Here, we used infant rabbits to explore the genetic basis of reactogenic diarrhea. We found that the reactogenic vaccine strain Peru-3 caused diarrhea in most rabbits, whereas the nonreactogenic strain Peru-15 did not, thereby validating the relevance of the rabbit model for study of reactogenicity. Subsequently, we used an isogenic set of defined mutants to determine whether motility per se, production of a flagellum, or production of flagellin proteins underlies reactogenicity. These experiments revealed that neither motility nor a flagellum is required to induce reactogenic diarrhea; instead, production of flagellin proteins is sufficient cause. The intestinal colonization and the intraintestinal localization of the nonreactogenic flagellin-deficient strain were indistinguishable from those of a flagellated motile strain; however, the flagellin-deficient strain stimulated fewer mRNA transcripts coding for proinflammatory cytokines in the intestine. These data are consistent with the possibility that reactogenic diarrhea is linked to an innate host inflammatory response to V. cholerae flagellins and suggest a simple genetic blueprint for creating defined nonreactogenic live-attenuated V. cholerae vaccine strains.
Results
Nonreactogenic V. cholerae Vaccine Strains Do Not Elicit Diarrhea in an Infant Rabbit Model of Disease. In our recent work developing an infant rabbit model of cholera, we noted that infant rabbits infected with V. cholerae lacking ctxAB developed noncholeric diarrhea, and we proposed that this animal model also might be useful for study of vaccine reactogenicity. Animals infected with a C6706 ctxAB mutant (here termed "Peru-NT"), a derivative of a 1991 El Tor Peruvian clinical isolate (14) , were contaminated with loosely adherent fecal material on their perineums, hind legs, and tails by ∼36-60 h after inoculation ( Fig. 1) . At necropsy the large intestine contained soft, unformed fecal material; in contrast, the intestines of mock-infected rabbits contained hard, formed pellets. This fecal diarrhea appeared markedly different from the watery, mucin-rich fluid released from rabbits infected with wild-type V. cholerae, which closely approximates the "ricewater stool" produced by cholera patients. Fecal diarrhea was classified subjectively as severe (e.g., Fig. 1A ) or mild (e.g., Fig.  1B ), based on the amount of adherent feces. Almost all (13/18) rabbits infected with Peru-NT developed severe diarrhea, and only 1 remained clear of any fecal contamination. Diarrhea spontaneously remitted by ∼80 h after inoculation. In control experiments, we found that none of the 13 rabbits inoculated with buffer alone developed diarrhea.
To confirm the relevance of this animal model for studies of vaccine reactogenicity, we compared the signs of disease exhibited by infant rabbits inoculated with either Peru-3 or Peru-15, two liveattenuated ctxA mutant vaccine strains that have been tested in humans. Volunteers inoculated with Peru-3 often developed selflimiting diarrhea, whereas diarrhea was not observed in volunteers who received Peru-15 (6, 7) . Similarly, we found that most (12/18) rabbits inoculated with Peru-3 developed diarrhea, whereas only 2 of 13 rabbits inoculated with Peru-15 exhibited diarrhea. These observations suggest that infant rabbits are a valid model host for study of reactogenic diarrhea caused by ctx mutant live-attenuated V. cholerae vaccine strains.
Reactogenicity Depends on Flagellins but Not on Motility. Peru-15 was isolated as a spontaneous nonmotile derivative of Peru-3 (7), and the mutation(s) that render Peru-15 nonflagellated (and hence nonmotile) are not known. In principle, the difference between the reactogenicity of Peru-3 and Peru-15 could result from Peru-15's lack of a flagellum and/or flagellar proteins, from the strain's lack of motility, or even from a mutation not linked to flagellation or motility. Furthermore, the differences between these strains might not have a direct connection to diarrheagenic pathways but instead might be coupled indirectly, for example, via differences in their capacities to colonize the rabbit intestinal tract. To begin to distinguish among these possibilities, we generated derivatives of Peru-NT containing a variety of mutations within genes needed for flagellar assembly and/or activity. Flagellar synthesis is a complex process that is coordinately regulated via several virulence-linked pathways (15); however, the mutations generated for this study disrupt only the synthesis of the individual flagellins and are not expected to influence other processes.
V. cholerae encodes five distinct flagellins, which are encoded within two operons, flaAC and flaDBE (16) . All these flagellins are thought to be incorporated into V. cholerae's single polar flagellum (visible in Fig. 2B) ; however, incorporation is dependent upon flaA. In the absence of flaA, the synthesis of other flagellins does not appear to be altered, but these flagellins are secreted, rather than incorporated into a filament (10). We generated derivatives of Peru-NT lacking one or more flagellin-encoding gene(s). Mutants lacking flagellins other than flaA were flagellated and motile, as expected, whereas strains lacking flaA were nonflagellated and nonmotile ( Fig. 2 A-C and Fig. S1 ). The relative levels of flagellins produced by these strains are shown in Fig. 2D . As expected, Peru-NTΔflaABCDE, a strain in which all five V. cholerae flagellins were deleted, did not produce detectable flagellins (Fig. 2D) . We also generated a strain lacking motB, which encodes a component of the flagellar motor. This mutant synthesizes wild-type levels of flagellins and assembles a flagellum ( Fig. 2D and Fig. S1 ); however, this flagellum does not turn, and consequently the bacteria are nonmotile ( Fig. 2A) (17) . None of the mutants used in this study displayed any significant defects in growth in vitro.
We initially compared the diarrhea caused by Peru-NT, PeruNTΔflaABCDE, and Peru-NT motB after their oro-gastric inoculation into infant rabbits. The majority (73%) of rabbits infected with the motB mutant developed diarrhea, a frequency that did not differ significantly from that observed with Peru-NT (94%). In marked contrast, PeruNTΔflaABCDE led to diarrhea in only 12% (4/32) of inoculated rabbits ( Fig. 1D ; P < 0.0001 relative to Peru-NT). Together, these data are consistent with the possibility that a functional flagellum (i.e., motility) is not required to induce reactogenicity, but that production of flagellin proteins and/or a flagellar structure are critical.
To assess whether the flagellum itself is required for diarrhea, and to begin to decipher which flagellin(s) promote reactogenic diarrhea, we infected rabbits with derivatives of Peru-NT that lacked a subset of V. cholerae's flagellin-encoding genes. Two nonflagellated strains, Peru-NTΔflaA and Peru-NTΔflaACD (Fig. S1 ), also caused diarrhea (Fig. 1D ), albeit at a significantly lower frequency than Peru-NT (P < 0.01 for both strains versus Peru-NT). Therefore, the flagellum filament is not essential for induction of diarrhea. Because flagellins are thought to be secreted in the absence of flagellum production, these observations suggest that extracellular flagellin monomers can induce reactogenic diarrhea. Furthermore, diarrhea does not appear to be linked to a particular flagellin monomer. As noted above, strains lacking flaA caused diarrhea; additionally, rabbits inoculated with Peru-NTΔflaBCDE and Peru-NTΔflaABCDE pSW-flaA (which expresses flaA from a low-copy vector) developed diarrhea. Thus, no individual flagellin is essential for induction of diarrhea, although flaA appears to be sufficient. Notably, all of the strains lacking at least one but not all flagellin-encoding gene(s) differed significantly from both Peru-NT and Peru-NTΔflaABCDE in their frequency of causing diarrhea. This result suggests that, although a subset of flagellins can be sufficient to induce reactogenic diarrhea, the full complement of Figs. 1D and 2D) ; however, it is quite possible that the abundance of cell-associated monomers does not accurately reflect the level of secreted monomers.
Differential Intestinal Colonization or Localization of Peru-NT
Flagellin Mutants Does Not Account for Reactogenic Diarrhea. It is possible that these results do not indicate a direct reactogenic role for flagellin proteins but instead reflect differences in the colonization capacities of the various strains. To explore this possibility, we determined the number of cfu recovered for each strain in intestinal tissue homogenates 3 days after their inoculation into infant rabbits. All strains robustly colonized the mid and distal portions of the small intestine (∼10 10 cfu g −1
) as well as the midcolon. The number of cfu recovered from animals infected with the flagellin mutants did not differ significantly from the number of Peru-NT cfu recovered at any site (Fig. 3) . These findings argue strongly against the idea that the capacity of these strains to colonize the intestine, at least as assessed by cfu recovered in intestinal homogenates, correlates with their stimulation of diarrhea.
Although the numbers of Peru-NT and Peru-NTΔflaABCDE cfu recovered from the intestine were similar, the fine localization of these strains within the intestine could differ, given their dramatic differences in motility. To address this issue, we visualized Peru-NT and Peru-NTΔflaABCDE within infected tissues using confocal microscopy. Unexpectedly, we observed that these strains exhibited very similar patterns of localization in the small and large intestine. Like Peru-NT, the nonmotile PeruNTΔflaABCDE could be found in close apposition to all parts of the villous surface as well as deep in the crypt-like structures of the infant rabbit intestine (compare Fig. 4 A and C with Fig. 4 B and  D) . This observation strongly suggests that flagellar-based motility is not required for V. cholerae to gain access to the intestinal crypts or to get close to the epithelial surface in this model host. In the large intestine, both strains usually were found in the lumen (Fig.  4E) , frequently covering the surface of digesta (Fig. 4F) , and occasionally in close proximity to the colonic epithelium.
Peru-NT and Peru-NTΔflaABCDE Differ in Their Stimulation of
Proinflammatory Cytokines. Bacterial flagellin proteins, including all five V. cholerae flagellins, are known to stimulate production of proinflammatory cytokines by activation of TLR5 (10, 11, 18) . We therefore compared the relative abundance of transcripts for several cytokines in tissue homogenates from rabbits infected with Peru-NT or Peru-NTΔflaABCDE and from mock-infected rabbits. We found that both strains led to elevations in transcripts for all cytokines measured compared with mock-infected rabbits (Fig. 5) . However, IL-8 and IL-1β transcripts in tissue homogenates from the distal small intestines of rabbits infected with Peru-NTΔflaABCDE were ∼4-fold lower than in those from rabbits infected with Peru-NT (Fig. 5A) . Similarly, there were significantly fewer TNFα and IL-1β transcripts in tissue samples from the midcolons of Peru-NTΔflaABCDE-infected rabbits than in Peru-NT-infected animals (Fig. 5B) . Histologic examination of tissue sections from infected rabbits revealed that there were few to no heterophils (the rabbit equivalent of neutrophils) in samples from the small intestine; however, moderate numbers of heterophils were seen in the lamina propria, crossing the epithelium, and amid the digesta of the midcolon. There appeared to be more heterophils in colonic samples from Peru-NT-than in Peru-NTΔflaABCDE-infected rabbits, although this trend did not reach statistical significance.
Discussion
Live-attenuated V. cholerae vaccines have great promise for reducing the global burden of cholera, because a single oral dose often engenders long-lived protective immunity (5). However, development of such vaccines has been hampered by their reactogenicity. The molecular bases of reactogenicity are not known, but it has been speculated, based on the absence of reactogenic diarrhea associated with Peru-15, a nonflagellated V. cholerae ctxA mutant, that symptoms are a response to V. cholerae's flagellum and/or the motility that it enables (7, 8) . Here, we used an infant rabbit model of reactogenicity to define better the V. cholerae factors that contribute to this host response to earlier vaccine prototypes. We found that V. cholerae ctx mutants that produced flagellins induced diarrhea, regardless of whether the proteins were assembled into a flagellum or whether the flagellum was functional. In contrast, this response was absent in ∼90% of rabbits infected with V. cholerae lacking all five flagellin-encoding genes. Thus, our findings indicate that flagellin production, independent of motility or the presence of a flagellum, is sufficient for reactogenicity.
Previous studies have demonstrated that flagellins have proinflammatory effects that can contribute to diarrhea. Flagellins have been found to interact with TLR5 and to trigger MyD88-and NF-κB-dependent transcription of proinflammatory cytokines (19) . Notably, all five V. cholerae flagellins, which can be secreted independently of flagellum filament assembly, contain the amino acid motif that stimulates TLR5, and purified V. cholerae flagellins were found to elicit TLR5-dependent IL-8 secretion from T84 cells (10) . In addition, flagellins have been shown to activate the NLRC4 inflammasome, promoting IL-1β maturation and secretion (20) (21) (22) . Release of IL-1β and other proinflammatory cytokines can induce diarrhea via several processes. For example, TNFα induces contraction of the actomyosin ring that controls tight junctions, resulting in diminished epithelial barrier function (23) . In addition, IL-8 is chemotactic and promotes an influx of inflammatory cells. Neutrophil-derived 5′-AMP can lead to diarrhea by promoting chloride secretion (23) . Collectively, these factors disrupt the equilibrium between the typical absorptive and secretory functions of the intestinal epithelium. Consistent with the model outlined above, we observed flagellindependent increases in transcripts for several proinflammatory cytokines in tissue samples from infected rabbits. We found that transcripts for IL-8 and IL-1β were increased ∼8-fold in tissue samples from the small intestines of rabbits infected with Peru-NT, whereas their abundance in tissue from the small intestines of rabbits infected with Peru-NTΔflaABCDE differed by only ∼2-fold from those of mock-infected rabbits. We also detected statistically significant differences between the induction of TNFα and IL-1β in tissue samples from the large intestines of Peru-NT-and PeruNTΔflaABCDE-infected rabbits. Our data are consistent with the hypothesis that flagellins are released in the rabbit intestine and induce synthesis of cytokines. However, if this process is dependent upon TLR5, it is unclear how the flagellins reach TLR5, which is found on the basolateral membrane of intestinal epithelial cells (24) . It also is not currently known which site (small vs. large intestine) is the primary source of reactogenic diarrhea. Histologic analyses of the small intestine did not reveal an inflammatory response, whereas mild to moderate inflammation was detected within the large intestines both of Peru-NT-and Peru-NTΔflaABCDE-infected rabbits. The latter finding may reflect the elevation of IL-8 transcripts in this tissue in response to both bacterial strains. Collectively, these data suggest that an inflammatory infiltrate (i.e., heterophils) is not sufficient to induce diarrhea, although it may be a contributing factor. Perhaps the effects of such cells must be coupled with additional factors, such as the relative elevation of transcripts for cytokines that do not act as chemoattractants. Alternatively, it is possible that flagellins prompt reactogenicity through processes in addition to, or independent of, proinflammatory cytokines.
Our observations provide evidence against the idea that additional V. cholerae toxins, such as hemolysin A, MARTX toxin, or hemagglutinin/protease, are major contributors to reactogenicity. Fullner and colleagues (25) have proposed that these three toxins contribute to reactogenicity by promoting inflammation, primarily based on studies using a lung infection model. However, all these factors were intact in PeruNTΔflaABCDE, which caused diarrhea in only 12% of rabbits. Furthermore, we found that 10 of 14 (71%) rabbits inoculated with a Peru-NT derivative in which hlyA, hap, and rtx were deleted still developed diarrhea, again suggesting that the toxins these genes encode are not the principal factors underlying reactogenicity. It is possible that these factors contribute to the diarrhea observed in the small minority of rabbits inoculated with Peru-NTΔflaABCDE.
Our findings also argue against the idea that intestinal colonization per se leads to diarrhea. No correlation was observed between the presence or absence of diarrhea in infected rabbits and the extent of colonization. In fact, there was no detectable difference between the number of cfu of Peru-NT and Peru-NTΔflaABCDE recovered from intestinal homogenates at 3 days postinfection. Furthermore, colonization of the large and small intestine by Peru-NT continued at a constant or even increasing level by day 6 postinoculation, even though diarrhea had ceased by this point. Future studies can explore the processes which account for the resolution of diarrhea despite continued bacterial presence within the intestine.
Our experiments unexpectedly revealed that the localizations of Peru-NT and Peru-NTΔflaABCDE within the intestine were indistinguishable. Both strains colonized throughout the small intestine, including deep within the crypts, and were found in close apposition to the intestinal epithelium. Thus, V. cholerae does not appear to depend on flagellar-based motility for spread within intestinal sites in this model. Flagella-independent motility has been observed for V. cholerae (26, 27) , although the precise mechanism(s) underlying this process has not been identified.
Finally, our findings suggest a relatively straightforward approach to create genetically defined live-attenuated V. cholerae vaccine strains. Deletion of the two loci encoding the V. cholerae flagellins should render ctxA mutant strains nonreactogenic but not impair their ability to colonize the host. Furthermore, based on existing clinical data from trials of Peru-15, which does not produce flagellins, these potent activators of innate immunity are not required to generate protective immunity against V. cholerae (28). Nonetheless, the genetic plasticity of V. cholerae, as illustrated by the emergence of V. cholerae O139 in 1992 (29), will almost certainly require construction of new vaccine strains. We propose that deletion of the genes encoding flagellins be a standard part of the blueprint for creation of new live-attenuated V. cholerae vaccine strains and perhaps of live-attenuated vaccines protecting against other enteric pathogens as well.
Materials and Methods
Strains, Plasmids, and Culture Conditions. The V. cholerae strains used in this study are all derivatives of the El Tor clinical isolate C6706 and are listed in Table S1 . In addition to the genotypes noted within the text, all strains contained a chromosomal copy of gfp-mut3, under the control of the lac promoter, integrated within lacZ. Thus, these strains could be visualized with fluorescence microscopy. All bacterial strains were grown routinely in LB medium. For animal experiments, strains were grown overnight at 30°C. Antibiotics were used at the following concentrations: streptomycin, 200 μg mL −1 ; spectinomycin, 50 μg mL −1 ; and carbenicillin, 50 μg mL
. The deletion mutants were constructed in C6706 ctxAB lacZ::gfp by allelic exchange using vectors based on pCVD442 as described (30) . Details of the construction of the allele exchange vectors are available upon request. All mutants were confirmed by PCR analysis. Plasmid pJZ111 was used to introduce a gene encoding GFPmut3 into the V. cholerae lacZ locus. A derivative of the plasmid pSW25T, which is stably maintained in V. cholerae in vitro and in vivo without selection, was used to reintroduce the intact flaA gene under the control of its native promoter into Peru-NTΔflaABCDE.
Infant Rabbit Model. Infant rabbit experiments were carried out as described in work to be published elsewhere. Briefly, 3-day-old infant rabbits were treated with cimetidine (50 mg kg −1 i.p.) 3 h before oro-gastric inoculation with V. cholerae strains. In all experiments, rabbits were inoculated with ∼1 × 10 9 cfu of V. cholerae suspended in sodium bicarbonate solution (2.5 g in 100 mL dH 2 O; pH, 9). The rabbits were monitored twice daily for signs of illness. Diarrhea was scored as follows: none, no fecal material evident on the perianal area, tail, or hind limbs; mild, light fecal staining of the perineum or hind legs or tail; severe, fecal material consisting of unformed or liquid stool staining large portions of the perineum, hind legs, and tail ( Fig. 1 A and B) . The rabbits usually were necropsied at 3 days postinoculation, and samples were collected for histologic and microscopic analyses and RNA extraction as Alexa Fluor 568-labeled phalloidin (red) was used to visualize the F-actin at the epithelial surface, and DAPI (blue) was used to detect cell nuclei. In F, Alexa Fluor 633-labeled wheat germ agglutinin (yellow) was used to detect mucin-covered digesta. well as for determining the numbers of V. cholerae cfu g −1 of tissue. Some rabbits were necropsied at 6 days postinoculation. The infant rabbits were housed together with the adult female. To limit litter-specific effects, at least two independent litters were used to test each mutant.
Confocal Microscopy. Intestinal tissue was prepared for confocal microscopy as previously described. Briefly, tissue segments were fixed for 2 h in 4% paraformaldehyde (in PBS) on ice and then were transferred into 30% sucrose (in PBS) at 4°C overnight. After washing in PBS, tissue segments were embedded in optimal cutting temperature (OCT) compound, quick-frozen, and sectioned. Slides were stained for 1 h with Alexa Fluor 568 phalloidin (1/50; A12380; Invitrogen) and/or Alexa Fluor 633 wheat germ agglutinin (1/200; W21404; Invitrogen) at room temperature in the dark. After washing, the slides were counterstained with DAPI, 1 μg mL
, and examined using a Zeiss LSM 510 Meta upright confocal microscope.
RNA Isolation and Quantitative Real-Time PCR. Quantitative real-time PCR (qPCR) assays were performed as previously described (31) . Briefly, RNA was isolated from tissue sections homogenized in TRIzol (Invitrogen) and then treated with DNase I (Ambion) on RNeasy mini columns (QIAGEN). Specific DNA primers, which were designed using Primer Express 2 software (Applied Biosystems), were used for the reverse-transcription reactions (sequences are available on request). Each RT reaction mixture contained 5 μg RNA. SYBR Green PCR master mix and an ABI Prism 7000 (Applied Biosystems) were used to perform qPCR experiments. GAPDH was used as a control gene, and all gene transcript levels were normalized to GAPDH transcript levels using the ΔΔCT method as described (32) .
